Purpose Adipose-derived stem cells (ASCs) have promising potential in regenerative medicine and cell therapy. Our objective is to examine the biological function of the labeled stem cells following labeling with a readily available positron emission tomography (PET) tracer, 18 F-fluoro-2-deoxy-Dglucose (FDG). In this work we characterize labeling efficiency through assessment of FDG uptake and retention by the ASCs and the effect of FDG on cell viability, proliferation, transdifferentiation, and cell function in vitro using rat ASCs. Methods Samples of 10 5 ASCs (from visceral fat tissue) were labeled with concentrations of FDG (1-55 Bq/cell) in 0.75 ml culture medium. Label uptake and retention, as a function of labeling time, FDG concentration, and efflux period were measured to determine optimum cell labeling conditions. Cell viability, proliferation, DNA structure damage, cell differentiation, and other cell functions were examined. Non-labeled ASC samples were used as a control for all experimental groups. Labeled ASCs were injected via tail vein in several healthy rats and initial cell biodistribution was assessed.
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. In this work we characterize labeling efficiency through assessment of FDG uptake and retention by the ASCs and the effect of FDG on cell viability, proliferation, transdifferentiation, and cell function in vitro using rat ASCs. Methods Samples of 10 5 ASCs (from visceral fat tissue) were labeled with concentrations of FDG (1-55 Bq/cell) in 0.75 ml culture medium. Label uptake and retention, as a function of labeling time, FDG concentration, and efflux period were measured to determine optimum cell labeling conditions. Cell viability, proliferation, DNA structure damage, cell differentiation, and other cell functions were examined. Non-labeled ASC samples were used as a control for all experimental groups. Labeled ASCs were injected via tail vein in several healthy rats and initial cell biodistribution was assessed.
Results Our results showed that FDG uptake and retention by the stem cells did not depend on FDG concentration but on labeling and efflux periods and glucose content of the labeling and efflux media. Cell viability, transdifferentiation, and cell function were not greatly affected. DNA damage due to FDG radioactivity was acute, but reversible; cells managed to repair the damage and continue with cell cycles. Over all, FDG (up to 25 Bq/cell) did not impose severe cytotoxicity in rat ASCs. Initial biodistribution of the FDG-labeled ASCs was 80%+retention in the lungs. In the delayed whole-body images (2-3 h postinjection) there was some activity distribution resembling typical FDG uptake patterns. Conclusion For in vivo cell tracking studies with PET tracers, the parameter of interest is the amount of radiotracer that is present in the cells being labeled and consequent biological effects. From our study we developed a labeling protocol for labeling ASCs with a readily available PET tracer, FDG. Our results indicate that ASCs can be safely labeled with FDG concentration up to 25 Bq/cell, without compromising their biological function. A labeling period of 90 min in glucosefree medium and efflux of 60 min in complete media resulted in optimum label retention, i.e., 60%+by the stem cells. The initial biodistribution of the implanted FDG-labeled stem cells can be monitored using microPET imaging.
Introduction
Stem cell therapy offers promising therapeutic benefits in treating various diseases [1] [2] [3] [4] , and yet, the outcome of the stem cell therapy is profoundly dependent on the method of cell delivery to the targeted region and maintaining viable cell function long after implantation [5] . Accurately monitoring the implanted stem cells in vivo is a key to understanding the mechanisms through which cell therapy works [6] . Noninvasive in vivo imaging techniques are potentially ideal in providing quantitative information about the biodistribution, proliferation, and transdifferentiation of the engrafted stem cells in the region of interest. This information is necessary to identify the optimum method of delivering sufficient numbers of stem cells to the targeted sites and optimize the therapeutic benefits while eliminating the undesired side effects of cell therapy.
Positron emission tomography (PET) is emerging as a reliable in vivo molecular imaging technique in clinical and preclinical studies due to its high sensitivity that allows detection of picomolar quantities [7, 8] . [ 18 F]Fluoro-2-deoxy-D-glucose (FDG) is a glucose analogue and it is widely used in clinical oncology. FDG is preferably taken up by the metabolically hyperactive cancerous cells [9] . Therefore, FDG PET imaging is used for diagnosis, staging, and assessment of response to treatment in oncology patients. In addition, PET imaging with tracers other than FDG, but specific to cell proliferation and transdifferentiation, has been applied in assessment of stem cell therapy in human and animal studies [10] [11] [12] [13] . For example, thymidine, a deoxynucleoside is required for DNA synthesis and its fluorinated analogue 3′-deoxy-3′- 18 F-fluorothymidine ( 18 F-FLT) is taken up by cells actively synthesizing DNA. Thus, 18 F-FLT PET imaging is used to determine cell proliferation [12] . Moreover, 9-(4-18 F-fluoro-3-hydroxymethylbutyl)guanine ( 18 F-FHBG) is a radioactive substrate of herpes simplex virus 1 thymidine kinase (HSV1-tk). Cells expressing HSV1-tk would metabolize and accumulate the substrate and could therefore be identified on 18 F-FHBG PET images [10] [11] [12] [13] . Thus, a viral vector encoding a gene for HSV1-tk is often used as a reporter to assess transdifferentiation and function of the HSV1-tk-transfected cells.
The 18 F PET tracers have a relatively short half-life (∼110 min) and may not be favorable tracers for long-term in vivo tracking. However, as a readily available tracer, FDG can be used as a tracer of choice to assess the initial biodistribution of those stem cells whose distribution has not been characterized previously. The cell biodistribution and optimal conditions for FDG labeling of adult stem cells has not been defined. Specifically, potential detrimental effects of FDG on viability, proliferation, transdifferentiation, and function of adult stem cells have not been fully examined.
The present study was designed to: (1) characterize FDG uptake and label retention by adult stem cells in vitro to determine optimum labeling conditions; (2) determine whether PET probe-associated radioactivity affects viability, proliferation, transdifferentiation, and function of labeled cells; and (3) examine the feasibility of FDG PET imaging for initial biodistribution of implanted stem cells. As adiposederived stem cells (ASCs) have demonstrated potential for clinical use, this cell type was chosen as a representative of adult-derived stem cells for use in this study [14, 15] .
Materials and methods
The animals used in this study were treated with humane care in compliance with the Canadian Council on Animal Care Guide. The experimental protocols have been approved by the National Research Council of Canada Animal Care Committee.
Preparation of ASCs
ASCs were prepared according to the method developed by Zuk et al. [15] with modifications as previously described [16] . In brief, subcutaneous adipose tissue (3-4 g) was obtained from the abdominal and inguinal regions of inbred male Lewis rats. The excised adipose tissue was washed extensively with phosphate-buffered saline (PBS, HyClone, Logan, UT, USA) to remove debris and blood cells. The adipose tissue was minced and digested with collagenase I (2 mg/ml, Worthington Biochemical Corp., Lakewood, NJ, USA) at 37°C for 20-30 min. Active collagen was neutralized by adding DMEM (HyClone) containing 15% fetal bovine serum (FBS, HyClone). The digested adipose tissue was filtered with a 100-μm strainer to eliminate the undigested fragments. The cellular suspension was centrifuged at 1,000 g for 10 min. The cell pellets were resuspended in DMEM containing 15% FBS and cultivated for 48 h at 37°C in 5% CO 2 . Unattached cells and debris were removed, and fresh medium was added to the adherent cells. The cells used for labeling analysis were at passage 1, and samples of 1.5-2×10 5 ASCs were prepared.
Assessment of 18 F-FDG uptake by ASCs
Cancer Institute at the University of Alberta (Edmonton, AB, Canada). ASCs were labeled with FDG following protocols similar to those described previously [17] . The experimental procedures are summarized in At the end of each incubation period the FDG-containing medium was removed and the ASCs were washed twice with PBS. These steps will be referred to as standard wash procedures. Supernatants were collected and the cells were lysed with 0.1% sodium dodecyl sulfate (SDS) (SigmaAldrich) for subsequent measurement of FDG activities and protein content with Bradford reagent. The radioactivity was measured in the dose calibrator or a well counter (Laboratory Technologies Inc., Maple Park, IL, USA). The ratio of radioactivity in the cell lysate to the sum of radioactivities in the cell lysate and supernatant was expressed as the label uptake by the cells. The uptake ratios were normalized to microgram of protein in respective samples to account for cell loss during an experiment. All measurements of FDG radioactivities were corrected for its natural decay. The well counter was properly crosscalibrated to the dose calibrator to provide radioactivity measurements in units of becquerel.
Assessment of 18 F-FDG retention by ASCs
ASCs were first labeled with 0.56 MBq of FDG in glucosefree medium for 90 min. The glucose-free medium was used to enhance uptake of FDG. Following the 90-min labeling, the stem cells were washed with FDG-free PBS and cultured in either FDG-free glucose-free or FDG-free complete medium. Efflux of FDG was determined by measuring the radioactivity of the medium collected at 5, 30, 120, and 240 min after FDG removal, i.e., efflux periods. At the end of each efflux period, the cells were lysed and the radioactivities in the cell lysate and efflux supernatant were measured. Percentage of FDG retention was expressed as the radioactivity in cell lysate divided by the total radioactivities in the cell lysate and the supernatant × 100%.
Assessment of 18 F-FDG on viability and proliferation of ASCs
Cell viability was measured using the trypan blue (0.4%) exclusion assay. Samples of ASCs (2×10 4 cells/sample) were labeled in a glucose-free medium with 0, 1.85, 3.70, and 7.40 MBq of FDG (∼45-185 Bq/cell) for 90 min. Unbound radiotracer was washed with the standard procedure and the labeled cells were cultivated in FDG-free complete medium. The number of live and dead cells was determined immediately, 1, 2, and 3 days after cell cultivation. Cell viability was expressed as the number of viable cells divided by the total cell count × 100%. Cell proliferation was assessed by cell numbers measured at the different points of time.
Assessment of DNA damage
To examine the effect of FDG labeling on DNA integrity, ASCs (1.5×10 5 cells/sample) were incubated with 0, 1.85, 3.70, and 7.40 MBq of FDG (12-50 Bq/cell) in glucosefree medium for 90 min. Following the original protocol by Olive and Banáth [18] , the comet assay was performed at 1 and 24 h after FDG labeling to assess the DNA damage in the labeled cells.
Induction of differentiation in ASCs
To assess effects of radioactivity on transdifferentiation capacity of adult stem cells, samples of ASCs were first incubated in glucose-free medium with 3.70 MBq of FDG (25 Bq/cell) for 90 min. The cells were then collected and subjected to adipogenic and osteogenic inductions using methods described previously [19] . The induction conditions are summarized in Table 2 . At the end of each induction, expressions of genes specific for adipocytes (lipoprotein lipase, LPL, and peroxisome proliferator-activated receptor-γ, PPAR-γ) and osteocytes (secreted phosphoprotein 1, SPP-1, and osterix, OSX) were determined using reverse transcription polymerase chain reaction (RT-PCR). Expression of vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and insulin-like growth factor (IGF-I) by ASCs were assessed with RT-PCR to determine effects of the radioactivity on function of the stem cells.
Adipogenic and osteogenic differentiation of ASCs were also evaluated histochemically using methods described previously [16] . Adipogenic differentiation was also evaluated by staining the cells with oil red O stain, which stains intracellular lipid deposits red. The intracellular lipid level is closely related to adipogenic differentiation in adult stem cells [19] . Osteogenic transdifferentiation of ASCs was assessed using nitroblue tetrazolium chloride/bromo-4-chloro-3-indolyl phosphate toluidine salt that stains alkaline phosphates (AP) gray. The stained ASCs were then examined under a light microscope. For all measurements, a p value of 0.05 was considered for significant difference between groups.
Imaging of 18 F-FDG-labeled ASCs in vivo
As a proof of principle in using FDG as a labeling agent for the ASCs for application in stem cell therapy of heart failure models, and developing optimum imaging protocols, the biodistribution studies were carried out with microPET imaging of healthy rats injected with 18 F-FDG-labeled ASCs. Following our in vitro labeling protocols, four samples of 3×10 5 ASCs were incubated in 5 ml glucose-free medium containing 3.70 MBq/ml of FDG (∼62 Bq/cell) for 60-90 min. After the efflux period (30-60 min) and medium removal, cells were trypsinized. Cell concentration and viability were measured using trypan blue exclusion essay; +90% of cells were viable. From the cell suspension, 10 6 cells in 1 ml glucose-free and serum-free medium were prepared for injection into the animal subjects. Inbred Lewis rats (n=3) were anesthetized with 2% isoflurane and the respiration was controlled with a rodent ventilator. Labeled stem cells were injected via intravenous (i.v.) tail vein (with total FDG activity of 2.37, 2.44, and 2.92 MBq, corrected for syringe residual). Image data were acquired on a microPET P4 scanner (Siemens Preclinical Solutions, Knoxville, TN, USA) with system settings at 350-700 keV and 6-ns coincidence timing window. This system has an axial field of view (FOV) of 7.8 cm, 19-cm diameter transaxial FOV with spatial resolution of 1.8 mm at the center of the FOV [20] . Emission data were acquired for 20-30 min with the heart at the center of the FOV followed by a transmission scan for attenuation correction using a 57 Co point source. Whole-body emission data were acquired using 3-4 bed positions with 10-to 20-min emission and transmission scans per bed position. Listmode raw data were sorted using typical histogram protocols and images were reconstructed using Fourier rebinning followed by 2-D filtered backprojection (FBP) with normalization and attenuation corrections applied to the data. Due to low statistics, scatter correction was not applied.
Volume of interest (VOI) analysis was performed using ASIPro ver. 6.3.3.0 software. VOIs were drawn on the transverse planes for each organ (slice thickness 1.2 mm) and total activities were then determined. The percentage of the VOI total value to the injected dose (ID%) was determined. All activities were decay corrected for 18 F physical decay. For qualitative comparison, several animals were injected via tail vein with free FDG in 1 ml of PBS serum. The animals were imaged 45-60 min postinjection, following similar protocols for whole-body imaging. These images were not quantified.
Results

Efficiency of
18 F-FDG uptake by ASCs FDG uptake per microgram protein as a function of labeling period and glucose content are shown in Fig. 1 . There are significant (p<0.05) differences in the FDG uptakes among the ASCs incubated at different labeling periods. In general, FDG uptake increased as labeling period prolonged, i.e., the uptake (% per μg protein) at 5, 30, 60, 90, and 120 min labeling period is 0.19, 0.35, 0.46, 0.49, and 0.66, respectively, in labeling with glucose-free medium, and 0.02, 0.08, 0.11, 0.14, and 0.13, when complete medium was used. The total label uptake (%) ranged from 6.2 to 31% for cells labeled in glucose-free medium and was 0.5-5.0% for those labeled in complete medium.
There was no significant difference in FDG uptake at the five concentrations measured (p>0.05). The uptake (% per μg protein) was 0.49, 0.52, 0.48, 0.43, and 0.49 for labeling with 0.18, 0.56, 1.78, 3.62, and 8.29 MBq of FDG, respectively.
F-FDG retention in ASCs
Retention of FDG in ASCs following labeling at different conditions is summarized in Fig. 2 . The presence of glucose in the efflux medium significantly reduced the retention of FDG in the stem cells, similar to the effect measured in FDG uptake. Label retention was 93, 85, 85, and 86% (or 94, 78, 54, and 60%) at efflux periods of 5, 30, 120, and 240 min, respectively, with glucose-free (or complete) efflux medium. From the label retention measurements a labeling period of 90 min in glucose-free medium and efflux of 60 min in complete media resulted in 60%+label retention by the stem cells.
Effects of 18 F-FDG on cell viability
The results of cell viability (live/total cells %) measured following FDG labeling is summarized in Table 3 . Cell viability did not change significantly as the amount of FDG changed from 0 to 7.40 MBq (p>0.05). Quantitative and pictorial results of cell proliferation and change in cell size are shown in Fig. 3 and Fig. 4 , respectively. Total number of cells over 3 days postlabeling demonstrate the rate of cell division and proliferation (Fig. 3a) which shows a proportional relationship with cell size as a function of time and FDG activity (Fig. 3b) . As the amount of FDG increased, the average size of the viable ASCs increased, corresponding to cell cycle arrest and decrease in the total number of cells, with significant differences between no-FDG and 7.40-MBq data in 2-3 days postlabeling. 
Effect of 18 F-FDG labeling on DNA integrity
The results of the damage to the DNA structure are shown in Fig. 5 . In the microscopic pictures of the individual cells, the DNA damage is depicted as a comet tail (Fig. 5a-d ). This artifact is visible for the case of cells labeled with 7.40 MBq of FDG at 1 hr after label removal (Fig. 5c) . Quantitative data are presented as percentage of damaged cells to the total number of cells in Fig. 6e . The percentage of the cells with DNA damage increased as the amount of FDG radioactivity increased. The percentage of the damaged DNA cells was significantly lower at 24 h than immediately postlabeling (Fig. 5e) , i.e., 0.3-92.9% at 1 h vs 1.5-15.3% at 24 h postlabeling with 0-7.40 MBq of FDG.
Effect of 18 F-FDG on cell differentiation and function
Qualitative results of histochemical staining for adipogenic and osteogenic transdifferentiation are summarized in Fig. 6 . Non-induced ASCs with a complete absence of a lipid drop served as a negative control (Fig. 6a) . ASCs subjected to adipogenic induction exhibited a number of lipid drops in the intracellular compartment (Fig. 6c) , as one of the indicators for a successful adipogenic differentiation [19] , while the 18 F-FDG-labeled cells subjected to adipogenic induction had significantly less lipid drops (Fig. 6b) . The average optical density (OD) in FDGlabeled ASCs (3.70 MBq) was 25% lower than those not labeled (data not shown). In the osteogenic group, the cells were stained for AP, a marker of the osteocytes. Both FDGlabeled and non-labeled ASCs showed similar results of AP staining; the difference in the OD results could not be quantified from the microscopic pictures ( Fig. 6e-f) . Figure 7 shows expressions of genes specific for either adipogenic or osteogenic transdifferentiation in the 18 F-FDG-labeled and non-labeled ASCs. As to adipogenic differentiation, the 18 F-FDG-labeled and non-labeled ASCs showed a similar expression of LPL, but the PPAR expression is significantly lower in the 18 F-FDG-labeled ASCs than in the non-labeled ASCs (p<0.05). Expression of both OSX and SPP (marker genes for osteogenic transdifferentiation) was lower in the 18 F-FDG-labeled and control ASCs (p<0.05).
Effects of FDG labeling on cell function was assessed by monitoring of cytokine secretion (VEGF, IGF, transforming growth factor beta, TGF-β). Levels of the growth factors secreted by FDG-labeled and control ASCs are shown in Fig. 8 . Evidently, levels of the growth factors were slightly lower in the FDG-labeled ASCs than in the control ASCs (Fig. 8b) . OCT4 expression (a stem cell gene marker) was significantly lower in the FDG-labeled ASCs than in the control ASCs. The values in the plot represent ratios of the mRNA concentrations of a cytokine in each group of cells (labeled or non-labeled) to that of glyceraldehyde-3- phosphate dehydrogenase (GAPDH), which was used as an internal control.
In vivo distribution of 18 F-FDG-labeled ASCs
VOI analysis of the images of the animals with the heart at the center of the FOV, acquired immediately after injection of the FDG-labeled stem cells via tail vein injection, showed that on average labeled stem cells were retained in the lungs with 84±14 ID% (range of 76-100%). The data were corrected for 18 F physical decay and attenuation of 511-keV photons. Significant retention of labeled cells in the lungs made it impossible to accurately quantify the labeled stem cells retained in the neighboring organs, including myocardium, which is the target organ in the stem cell therapy in a congestive heart failure model.
Delayed images of the lungs at 21, 81, and 175 min postinjection are shown in Fig. 9 . It appears that the activity 
Discussion
Monitoring of the implanted stem cells is paramount in stem cell therapy, enabling one to assess the contribution of these cells to organ function and longitudinal evaluation of durability of effect. The labeling tracer should not modify/ compromise the functionality of the labeled stem cells while being monitored with in vivo imaging techniques. In this study, we have evaluated the potential of using FDG as a tracer for in vivo tracking of ASCs using microPET imaging in a rodent model.
We have found in this study that FDG uptake by the ASCs depended on the labeling period and glucose content of the labeling medium. Labeling efficiency (uptake % per μg protein) increased as the labeling period was increased from 5 to 90 min with significant changes. Label uptake was improved by a factor of 5 when cells were labeled in glucose-free medium compared to labeling in complete medium, indicating that FDG and glucose are competing for transporters on the cell membrane to be taken up by the ASCs as expected. The cells were incubated in glucose-free medium for 30 min prior to labeling in a glucose-free medium; thus, the only source of glucose was FDG during the 90-min labeling period. As a result, as the amount of FDG increased, so did the rate of FDG transport to the glucose-avid cells, but uptake values (ratio of FDG in the cells to that in the cells and supernatant) remained constant. It should be noted that the values of FDG uptake (% per μg protein) as a function of FDG activity (∼0.50%) are in good agreement with uptake values for the 90-min labeling period in Fig. 1 (0.49%) , in cells labeled with FDG in glucose-free medium. These results suggest a period of equal intra-and extracellular FDG concentration at 90 min. Therefore, FDG labeling of ASCs for 90 min in glucose-free medium will provide an optimum uptake considering the trade-off between label uptake and 18 F half-life (109.77 min). Label retention demonstrates the equilibrium between FDG uptake and efflux rates of the unbound (nonphosphorylated) FDG inside the cells. FDG is actively transported into the cells via glucose transporters. Once inside the cells, FDG goes through the phosphorylation process, similar to glucose, forming FDG-6-PO 4 , but unlike glucose, FDG cannot go through glycolysis and further metabolism; thus, it is trapped inside the cells. In the efflux process, some of the unbound or non-phosphorylated FDG washes out. When labeled cells were effluxed in glucosefree medium, FDG retention stabilized as the efflux period varied from 30 min to 4 h. Also, glucose-avid cells better retain the FDG in the absence of glucose competing for transport and phosphorylation. On the other hand, in the presence of glucose in the efflux medium, FDG retention decreased over the same period of time. While it is not expected that phosphorylated FDG can easily efflux out of the cells, there are other possible reasons for higher rates of FDG efflux in the presence of glucose. For example, due to the presence of sufficient glucose-6-PO 4 , or saturation of phosphorylation processes, FDG taken up by the cells is not phosphorylated.
The difference in FDG retention by the ASCs in glucosefree or glucose-containing media becomes important for labeling cells used for in vivo studies. Upon the injection of the labeled cells into the body, the environment is not glucose-free any more and unbound or non-phosphorylated FDG can still efflux out of the cells. Therefore in this study, for in vivo transfer of labeled cells, complete medium was used for the efflux periods to ensure optimum label retention by the cells.
Even though the viability of the labeled cells up to 3 days was not changed significantly, the change in the size of the cells became significant at the higher FDG concentrations (185 Bq/cell). The increase in the cell size resulted in delays in the cell division processes, which is demonstrated as a decrease in the total number of cells at 3 days postlabeling (Fig. 4) . In the control group (no FDG), the number of cells increased, i.e., cells continued with regular cell division cycles. On the other hand, in the FDG-labeled cells, as the amount of labeling FDG increased (12-50 Bq/ cell), the total number of cells decreased. The results of the comet assay demonstrated that FDG radioactivity inevitably leads to acute DNA single-strand breaks in the ASCs, represented by the large percentage of damaged cells at 1 h postlabeling (Fig. 5e) . However, after 24 h the number of damaged cells significantly decreased, suggesting that a large percentage of damaged cells manage to repair and continue with cell division cycles, as presented in cell viability and proliferation results (Fig. 3) .
The radiation dose to the cells from the 18 F radioactivity can be estimated by considering the dose due to the positron emission only. Due to the small sample volume (i.e., 0.75 ml) and low effective atomic number of the cells, the dose due to 511-keV photons is not considered. The total dose rate in units of J/kg/s or Gy/s is then determined from the following formula:
where A is the activity in Bq, E β+ is the mean positron energy (0.211 MeV), B.R. is the branching ratio of the positron emission in 18 F decay (0.97), and 1.602×10
(J/MeV) is the 
Therefore, labeled ASCs with 1.85, 3.70, and 7.40 MBq of FDG were exposed to doses of 0.77, 1.54, and 3.08 Gy, respectively, using the above equations. Even though the radiotoxicity effects on the cells depend on the cell type and type of radiation [21] , our results showed that the exposed doses do not impose severe long-term cytotoxicity, and labeled cells continue with cell division cycles. These findings are particularly important for our future in vivo studies, where differentiating cells might strongly take up 18 F tracers, i.e., 18 F-FLT, 18 F-FHBG, etc., bearing in mind that in vivo concentrations achieved are not expected to be as high as those measured in vitro.
Expression of specific genes in the stem cells subjected to adipogenic and osteogenic inductions was not significantly different in the FDG-labeled cells (with 4.15 MBq) to that of the non-labeled cells. However, secretion of VEGF, TGF-β1 and OCT4 cytokines was significantly suppressed in FDG-labeled ASCs compare to that in the non-labeled cells by 12, 16, and 20%, respectively. These findings suggest an upper limit for an optimum FDG concentration, i.e., 4.15 MBq (28 Bq/cell) for labeling of ASCs in order to leave all cell functions of the ASCs intact.
The animal microPET image data in our study were primarily used for qualitative assessment and developing imaging protocols for future in vivo studies. Biodistribution of the FDG-labeled ASCs was different from that of free FDG, when both delivered via intravenous tail vein injection. Immediately following injection, the FDGlabeled stem cells were primarily retained in the lungs, with appearance of activities in the brain, Harderian glands, kidneys, and bladder in the delayed whole-body images 2-3 h postinjection. On the other hand, free FDG upon tail vein injection resulted in minimal uptake in the lungs and a biodistribution pattern typically seen for free FDG, with pronounced uptake in the brain, Harderian glands, myocardium, and renal system.
Our findings from the biodistribution of FDG-labeled ASCs were in agreement with findings of similar studies in which methods of optimum cell delivery to targeted organs were explored [22, 23] , i.e., intravenous tail vein injection resulted primarily in retention of the cells in the lungs. Cells delivered via tail vein (venous pathway) pass through the heart into the lungs via the pulmonary artery, where their large size restricts their passage through the capillaries, resulting in retention in the lungs. However, over time, radioactivity concentration in the lungs decreased which suggests either the cells are migrating or FDG is washing out of the cells and appearing in other organs, such as the brain, Harderian glands, and bladder, resembling a typical FDG biodistribution pattern [24] . In another words, the delayed whole-body images (2-3 h postinjection) do not necessarily describe the biodistribution of the stem cells labeled in the body, but rather represent a combination of the stem cell distribution and any redistributed FDG. Therefore, only the initial biodistribution of FDG-labeled stem cells could be quantified in the period immediately postinjection.
Although FDG is commonly used in PET imaging for oncology staging to map out the distribution of highly metabolic regions in clinical patients, it can serve as a useful tracer in stem cell therapy as it is a readily available tracer. ASCs have potential applications in the stem cell therapy of a congestive heart failure model. Our study showed that the biological function of the ASCs was not significantly affected by labeling with FDG concentrations measured in this study, including cell viability and proliferation (45-185 Bq/cell), DNA integrity (12-50 Bq/ cell), differentiation (25 Bq/cell), and cell functions (28 Bq/ cell). Therefore, an FDG concentration of 25 Bq/cell, in which transdifferentiation of the stem cells was not significantly compromised, can be considered as a safe FDG labeling concentration for ASCs.
From this study we developed a protocol for labeling rat ASCs with FDG resulting in optimum label retention and insignificant cytotoxicity for in vivo cell transfer. The optimum labeling condition we observed was 30 min incubation in glucose-free medium prior to labeling, 90 min labeling with FDG concentrations up to 25 Bq/cell in glucose-free medium, and 60 min efflux in complete medium. All incubation conditions are 37°C and 5% CO 2 . The limitation of using FDG as a labeling tracer is in longterm in vivo monitoring of the labeled cells. In addition to its short half-life, the non-phosphorylated 18 F-FDG can efflux out of the labeled cells over time resulting in a nonASCs-associated biodistribution of radioactivity in the body. Therefore, FDG can only be used for characterization and quantification of the initial biodistribution of the labeled cells. As our in vivo studies using microPET imaging demonstrated, tail vein injection of the labeled cells can only be reliably quantitative at the period immediately after injection. Qualitatively, biodistribution of the labeled stem cells and that of free FDG were markedly different. Also, tail vein injection is not the optimum method for cell delivery to the myocardium for application to cardiac stem cell therapy, as the majority of the cells are retained in the lungs. Other methods of cell delivery and longer-lived PET tracers are planned to be studied.
Conclusion
In this study we labeled rat ASCs with a readily available PET tracer, 18 F-FDG, and examined, for the first time, the biological function of the FDG-labeled stem cells. The labeling efficiency procedures were determined and the effects of FDG radioactivity on the biological functions including cell viability, proliferation, and transdifferentiation were examined. Biodistribution studies were carried out by injecting animals with labeled stem cells via intravenous tail vein injection. Whole-body imaging was acquired on a microPET P4 scanner.
Our study demonstrates that: (1) FDG retention by the ASCs is independent of the amount of FDG concentration, but largely depends on the labeling and efflux periods, as well as glucose content of the medium; (2) for in vivo transfer, labeling in glucose-free medium for 90 min followed by 60 min efflux in complete medium resulted in optimum label retention (60%+) by ASCs; (3) cytotoxicity imposed by FDG (at concentrations up to 25 Bq/cell) on the biological function of ASCs is not significant; and (4) the initial biodistribution of transplanted stem cells can be reliably monitored and quantified using microPET imaging in a rodent model.
